Introduction
The epithelial cell adhesion molecule (Ep-CAM) is a 40 kDa epithelial transmembrane glycoprotein encoded by the GA733-2 gene (Armstrong and Eck, 2003; Winter et al., 2003) . Although the precise biological function of Ep-CAM is not completely defined, it has been suggested that Ep-CAM is involved in the cell cycle, proliferation and differentiation of epithelial cells (Munz et al., 2004) . In cancer, Ep-CAM is overexpressed by most human epithelial malignancies (Drapkin et al., 2004; Went et al., 2004 Went et al., , 2005 . For these reasons, Ep-CAM has attracted attention as a tumor maker and as a target for cancer therapy (Armstrong and Eck, 2003; Winter et al., 2003) . Despite overexpression of Ep-CAM on cancer cells, its role in tumor progression is still a matter of debate. For example, recent studies found reduced Ep-CAM expression in circulating and metastatic tumors compared with their corresponding primary tumors (Takes et al., 2001; Rao et al., 2005) . Furthermore, Jojovic et al. (1998) showed that Ep-CAM expression could be transiently lost during the process of metastasis. These results suggest that dynamic change of Ep-CAM expression could involve in cancer progression. However, the mechanism affecting Ep-CAM expression is not clear.
Aberrant DNA methylation is the main epigenetic mechanism for regulation of gene expression in human cancers (Robertson, 2001; Jones and Baylin, 2002) . A recent study of the methylation status of the Ep-CAM promoter showed few methylated CpG sites in Ep-CAM-positive cell lines compared with Ep-CAMnegative cell lines (Spizzo et al., 2006) . Demethylation of the promoter in Ep-CAM-negative cell lines by treatment with 5-aza-2 0 -deoxycytidine partially restored Ep-CAM expression, which implicated promoter methylation in the regulation of Ep-CAM expression. However, there has been no investigation of the potential role of promoter methylation in dynamically changing Ep-CAM in tumor progression.
DNA methylation, histone modification, chromatin remodeling and gene regulation are interconnected in mammals (Fuks, 2005; Klose and Bird, 2006) . The mechanisms underlying these observations are still obscure, but recent findings on how chromatin structure regulates gene expression are paving the way towards their elucidation. The evidence that several methylCpG-binding proteins (e.g., MeCP2 and MBD2) interact with histone deacetylase (HDAC) and recruit the corepressor protein supports a mechanism linking DNA methylation and histone modifications. However, the functional relevance of histone modifications and DNA methylation in the regulation of the Ep-CAM gene expression is unknown.
To clarify the role of Ep-CAM in cancer invasion, we examined Ep-CAM expression and cell invasiveness in a variety of tumor cells. By engineering invasive cells to express Ep-CAM or silencing Ep-CAM with short hairpin RNA (shRNA), effect of Ep-CAM on cancer invasiveness was investigated. Our results suggest that high expression of Ep-CAM can decrease in vitro cell invasiveness. Treating invasive cells with a cytosine methylation and histone-acetylated inhibitor, we observed epigenetic silencing of the Ep-CAM gene expression in progressively invasive cancer cells, showing that a general trend of increasing invasiveness is associated with promoter hypermethylation. Therefore, the potential utility of the epigenome of Ep-CAM as an invasiveness and progression marker could be evaluated.
Results

Expression of Ep-CAM is inversely correlated with cancer invasiveness
To examine Ep-CAM gene expression and its correlation with cancer invasiveness, we examined a set of lung adenocarcinoma cell lines, CL1-0, CL1-3 and CL1-5, which were established in our lab with progressively increasing invasiveness (Chu et al., 1997) (Figure 1a ). Ep-CAM expression progressively decreased as invasive capacity increased (Figure 1b) .
Further studies were performed on human cancer cell lines that originated from lung, colon, ovary and bladder. Ep-CAM expression was upregulated in lowly invasive cancer cells and downregulated in highly invasive cancer cells (Figure 1c-e) . This finding indicates that Ep-CAM may play an important role in cancer invasion.
Effect of Ep-CAM expression on invasion
If Ep-CAM is involved in cell invasion, changes in Ep-CAM expression should affect cancer invasive capacity. A full-length Ep-CAM-expressing vector was constructed and transfected to the highly invasive, Ep-CAM-negative cells NTUB1. The protein level in the Ep-CAM transfectant, NTUB1/Ep-CAM was examined. Increased Ep-CAM protein expression was observed in NTUB1/Ep-CAM cells (Figure 2a ). When cell invasiveness was analysed, invasion of NTUB1/ Ep-CAM cells was inhibited compared with vectoralone and mock cells ( Figure 2b ). As Ep-CAM was proposed to be involved in cell proliferation, the growth rate of these cell lines was measured. There was no significant cell growth difference between NTUB1 and NTUB1/Ep-CAM cells during our experiment.
Next, we performed a gene-silencing experiment using shRNA in the lower invasive, Ep-CAM-positive cells, CL1-0. Western blotting revealed a significant knockdown in Ep-CAM expression in the shRNA-transfected cells, CL1-0/shEp-CAM ( Figure 2c ) and concomitantly elevated cell invasion (Figure 2d ). The results demonstrated that expression of Ep-CAM is associated with tumor invasiveness. Correlation of methylation status and expression of Ep-CAM To investigate whether promoter methylation is involved in regulating Ep-CAM expression, we used methylation-specific PCR (MSP) to examine the methylation status of the Ep-CAM gene in highly and lowly invasive cells, in which Ep-CAM expression is downand upregulated, respectively. In all the lowly invasive cells, the Ep-CAM gene was unmethylated. In contrast, methylated alleles were detected in highly invasive cells (Figure 3a) . Densely methylated DNA associated with transcriptionally repressive chromatin is characterized by the presence of underacetylated histones (Fuks, 2005; Klose and Bird, 2006) . Thus, the effect of DNA demethylation and histone acetylation on Ep-CAM gene expression was investigated in Ep-CAM-downregulated cells by treating with 5-aza (DNA methylation inhibitor), trichostatin A (TSA, an inhibitor of histone deacetylase) or both. Treatment with 5-aza (1 mM for upto 3 days) elevated expression of the Ep-CAM gene in highly invasive cells, but only minimal changes were observed with TSA alone (Figure 3b ). Synergistic induction of Ep-CAM gene expression in these cells was achieved by the combined addition of 300 nM TSA and 1 mM 5-aza for 24 h (Figure 3c ). Concomitantly, treatment of these cells with 5-aza resulted in significantly decreased invasiveness of highly invasive cells in which Ep-CAM expression had been repressed by promoter methylation (Figure 3d ). These findings indicated that DNA methylation and histone modifications are responsible for silencing or reactivation of Ep-CAM gene expression and result in changes in cancer invasiveness.
The relevance of Ep-CAM gene expression to the activation of its promoter activities in these cell types was investigated by reporter gene analyses. The Ep-CAM promoter fragment was cloned into a luciferase reporter construct (Ep-Pro) and transfected into CL1-0 cells. When the cells were transfected with an unmethylated fragment of the Ep-CAM promoter, high levels of luciferase activity were observed ( Figure 3e , bar 2). This fragment also contains a consensus binding site for Sp-1, which has been reported to regulate Ep-CAM transcriptional activity (McLaughlin et al., 2004) . Further elevated promoter activity was observed in the presence of Sp-1 transcription factor ( Figure 3e , bar 3). Additionally, to mimic the methylation status of the Ep-CAM gene promoter, the Ep-CAM promoter-reporter construct was treated with SssI CpG-methylase or DNA methyltransferase (DNMT)1 and transfected into CL1-0 cells. In the presence of CpG methylase, the promoter activity was inhibited. Luciferase activity was abolished in cells transfected with the methylated construct, even in the presence of Sp-1 (Figure 3e , bar 4-6). These results indicated that Ep-CAM transcription is regulated by methylation of promoter sequences.
Histone 3 modification on the silenced or derepressed Ep-CAM gene promoter Covalent histone tail modifications of lysine 9 at histone 3 (H3K9), including acetylation or methylation, regulate these different states of chromatin configuration and gene transcription. The possibility that site-specific histone methylation works coordinately with histone acetylation during silencing or derepression of the Ep-CAM gene in the context of its promoter methylation state was investigated by chromatin immunoprecipitation assays (ChIP) with primers that encompassed the Ep-CAM promoter region. In low-invasive cells expressing Ep-CAM, association of the Ep-CAM gene promoter with acetylated H3K9 was significantly increased compared with highly invasive cells (Figure 4a ). Methylated H3K9 was present in the silenced Ep-CAM gene promoter of highly invasive cells, but it was largely decreased in the activated Ep-CAM gene promoter in low-invasive cells (Figure 4b ). These results suggest that a zone of lessacetylated H3K9 plus methyl-H3K9 surrounds the hypermethylated, silenced Ep-CAM promoter. This same promoter, when unmethylated and active, is embedded in acetylated H3K9 plus dimethyl-H3K9. In this epigenetic process, a DNMT bound to an adaptor molecule such as heterochromatin protein 1 (HP1) would add a methyl group to DNA only on chromatin that is methylated at H3K9. The catalysis of DNA methylation by DNMT would permit binding of methyl-CpG-binding domain (MBD) proteins to DNA. The bound MBD proteins would attract HDAC complexes and H3K9 methyltransferase such as Suv39h1 to prepare H3K9 for methylation. We used CL1-0, CL1-3 and CL1-5 cells (in which the expression of Ep-CAM gene is progressively silenced) to examine the regulatory complex in the Ep-CAM promoter. We repeated the ChIP analyses, using antibodies specific for these molecules. As invasive ability progressively increased from CL1-0 cell, CL1-3 to CL1-5 cells, gradual increases in association of the Ep-CAM gene promoter with HP1, Suv39h1, HDAC1 and DNMT1 and 3b were observed in CL1-3 and CL1-5 cells (Figure 4c and d) .
Correlation of Ep-CAM expression and methylation status in cancer tissue
To further examine whether Ep-CAM expression relates to disease progression of cancer, we used immunostaining to compare Ep-CAM expression in 82 patients with lung adenocarcinoma. Immunoreactivity of Ep-CAM was detected in bronchial epithelial cells (which acted as the positive internal control for the analysis) (Winter et al., 2003) , as well as in lung cancer cells (Figure 5a-c) . In cancer tissue, the staining pattern was heterogeneous and positive Ep-CAM protein expression was observed in 51 (62%) of 82 cases. Negative or reduced expression of Ep-CAM was observed in nodal metastases compared with the primary tumors (Figure 5d ). Correlations between the incidence of positive immunoreactivity for Ep-CAM and the clinicopathologic features of the patients are shown in Table 1 . Ep-CAM protein expression was significantly associated with clinical stage (P ¼ 0.01) and lymph node involvement (P ¼ 0.009).
To determine whether the methylation in the Ep-CAM promoter is associated with Ep-CAM gene expression, microdissection of foci with known Ep-CAM immunostaining status was used to correlate Representative MSP of Ep-CAM in cancer tissues. Samples of cases 3 and 4 were same patients in primary tumor and lymph node metastases (e). 51) samples with Ep-CAM-positive expression, unmethylated promoter was detected in 27 (53%) cases and methylated promoters were detected in six (12%) cases. In 18 (18/51) samples with reduced Ep-CAM expression, only six (12%) samples with unmethylated promoter and methylated promoters were detected in 12 (23%) samples. There was significant association of Ep-CAM expression and its promoter methylation status (Table 2) . Notably, when examining methylation status in seven lymph node lesions with reduced Ep-CAM expression, a high proportion of methylated promoters (7/11) were detected.
Discussion
As the role of Ep-CAM in cancer progression is not clearly elucidated and the mechanisms regulating Ep-CAM expression is not clear, we examined the functional relevance of Ep-CAM expression and tumor invasiveness, and investigated DNA methylation and histone modification in the regulation of Ep-CAM gene expression. A direct role for Ep-CAM in cancer invasiveness was demonstrated in our in vitro experiments. In supporting this notion, several lines of evidence could explain our results. Like other adhesion molecules, Ep-CAM provides invasion-suppressor properties to epithelia through cell-cell aggregationnormally nonadhesive cell lines can be induced to aggregate through transfection of Ep-CAM and have reduced mobility and invasive behaviors (Litvinov et al., 1994) . In a model system, Ep-CAM-mediated adhesion can suppress invasion of tumor cells grafted in mice (Basak et al., 1998) . Negative or limited Ep-CAM expression in primary laryngeal carcinoma has been linked to the presence of nodal metastases and in colorectal carcinoma to a poor prognosis (Takes et al., 1997; Basak et al., 1998) . Therefore, it seems possible that Ep-CAM-negative cells have greatly reduced cellcell adhesion, which promotes invasion or metastasis. Our data suggest the possibility that Ep-CAM-targeted immunotherapy may induce tumor invasion and metastasis. This concern is supported by the findings that, in some tumors, reduced Ep-CAM expression in circulating and metastatic tumors is relatively lower than in their corresponding primary tumors (Takes et al., 2001; Rao et al., 2005) , which implies dynamic change and plasticity of Ep-CAM expression during cancer progression (Jojovic et al., 1998) . This must be of concern in any attempt to use Ep-CAM-targeted immunotherapy.
Findings from cancer tissue experiments corroborated our observations in vitro that Ep-CAM is overexpressed in lung adenocarcinoma and its expression correlated with cancer invasiveness and tumor progression. In line with our findings, recent studies showed that advanced stage of ovarian cancer had significant lower Ep-CAM expression than stage I diseases (Kim et al., 2003) , and loss of Ep-CAM expression in gastric cancer could imply aggressive disease (Songun et al., 2005) . However, these findings differ from some observations of increased Ep-CAM expression associated with cancer malignancy (Kumble et al., 1996; Osta et al., 2004) . Controversial results were also reported in prognosis implication by Ep-CAM expression. Ep-CAM overexpression correlated significantly with poor survival in breast cancer (Gastl et al., 2000) . In contrast, positive expression of Ep-CAM associated with better prognosis of gastric cancer (Songun et al., 2005) had been demonstrated. Additionally, Ep-CAM expression may be varied in subtype of tumor cell morphology. For example, in renal tumors clear cell type showed little Ep-CAM expression, whereas chromophobe type demonstrated strong positive expression (Seligson et al., 2004) . Although Ep-CAM expression is not associated with tumor progression in overall lung cancer, correlation between Ep-CAM expression and metastasis and tumor stage in specific subtype of lung cancer such as adenocarcinoma was not analysed (Went et al., 2006) . 
EP-CAM, epithelial cell adhesion molecule. n denotes the number of cases. Expression of Ep-CAM are classified as 'Positive' if the score is X4 and 'Reduced' if the score is p3 according to the method described previously (Gastl et al., 2000) . In the staging, 'Local' includes tumors in stages 0, IA and IB and 'Invasive' includes tumors in stages IIA, IIB, IIIA, IIIB and IV. Bold values reflect statistic significance with P-value o0.05, measured by w 2 test. Furthermore, significant difference of Ep-CAM expression in various subtypes of lung cancer was observed (Went et al., 2006) . Thus, it is possible that the function of Ep-CAM may depend on the biological context of tumor microenvironment and its role in cancer could be tissue-and/or cell-specific. In this study, we found that progressive loss of Ep-CAM expression is associated with tumor invasiveness, and that Ep-CAM is heterogeneous in cancer tissues. Our results provide evidence that promoter methylation could repress expression of Ep-CAM during tumor progression. First, Ep-CAM is methylated and its expression downregulated in highly invasive cells. In contrast, unmethylated Ep-CAM was observed in lowly invasive cells (which expressed high levels of Ep-CAM). Second, treatment with 5-aza-dC and TSA reactivated Ep-CAM expression and inhibited cancer invasiveness, suggesting that Ep-CAM plays a role in this process and that DNA methylation and histone modification are responsible for silencing Ep-CAM gene expression. These results are further supported by Spizzo et al. (2006) finding that promoter methylation of Ep-CAM is, in part, responsible for Ep-CAM expression in cancer cells. A recent study showed that Ep-CAM overexpression was present in 0% of normal epithelia, 93.9% of intestinal metaplasia, 42.9% of gastric epithelial dysplasia and 34.3% of adenocarcinoma (Joo et al., 2005) , suggesting it dynamically changes during malignant transformation and progression. Furthermore, Rao et al. (2005) study detected Ep-CAM expression in primary, circulating and metastatic tumors and showed that Ep-CAM level is low in circulating tumor cells compared with primary and metastatic sites. Collectively, these findings indicate that dynamic change of Ep-CAM is a regulatory event in the process of invasion or metastasis and DNA methylation is one of the major mechanisms in regulating Ep-CAM expression during this process.
Recent reports suggest a histone core hypothesis in which combinations of distinct modifications at particular sites on the histone tail compose a 'histone code' that affects which proteins are capable of interacting with histone-DNA complexes and, consequently, how a single gene activity can be regulated (Fuks, 2005; Klose and Bird, 2006) . In agreement with this notion, the precise association of H3K9 to the Ep-CAM gene repressive or derepressive state as presented in present study indicates that the modification status of H3 K9 (acetylation and methylation) at the Ep-CAM gene promoter region serves as a histone code for Ep-CAM gene expression. Thus, our data provide evidence that aberrant cytosine methylation, histone hypoacetylation and H3K9 methylation act together in a discrete region of the Ep-CAM promoter to inactivate Ep-CAM transcription during tumor invasion and progression.
In conclusion, based on our findings and the functions proposed for EP-CAM, we postulate that this adhesive molecule plays distinct and different roles at various stages in the evolution and progression of cancers. Our results show that inactivation of Ep-CAM by hypermethylation is emerging as an important mechanism for promoting invasion. Moreover, we demonstrated that expression of Ep-CAM in tumor progression is regulated through epigenetic methylation. These results may yield new strategies for the diagnosis, prevention and treatment of cancer.
Materials and methods
Cell culture
Human lung carcinoma cell lines with different invasive capabilities (CL1-0, CL1-3 and CL1-5) have been described previously (Chu et al., 1997) . HT-1376 human bladder carcinoma, human colon carcinoma, ES2, PA1 ovary carcinoma and NCI-H520 human lung carcinoma cells were obtained from the American Type Culture Collection (Manassas, VA, USA). NTUB1 bladder carcinoma cells were from Dr Pan-Chyr Yang. All of the cells were cultured at 371C in 5% CO 2 and RPMI-1640, supplemented with 10% bovine serum, 2.98 g/l HEPES, 2 g/l NaHCO 3 , 100 U/ml penicillin and 100 mg/ml streptomycin.
In vitro invasion assay
The invasion ability was examined using 24-well insert-based assays (BD Biosciences, Franklin Lakes, NJ, USA) and performed as described previously (Shieh et al., 2005) .
RNA extraction, reverse transcription polymerase chain reaction (RT-PCR)
Total cellular RNA was extracted, purified and converted to cDNA. The PCR primers used were: Ep-CAM sense 5 0 -TTGCTCAAAGCTGGCTGCCA-3 0 and antisense 5 0 -GGA TCCAGTTGATAACGCGT-3 0 (see Supplementary methods for details).
Protein extraction and Western blot analysis
Immunohistochemistry was carried out as described (Shieh et al., 2005) .
Ep-CAM cell transfectants
Human Ep-CAM cDNA was amplified by RT-PCR with primers Ep-CAM-HindIII-f, 5 0 -TATAAAGCTTATGG CGCCCCCGCAGGTCCTCGCGT-3 0 and Ep-CAM-PstI-r, 5 0 -TATACTGCAGTTAGTCATTGAGTTCCCTATGCATC-3 0 . The PCR product was digested with HindIII and PstI restriction enzymes and subcloned into pEGFP-N1 (Clontech, Mountain View, CA, USA) under the control of the cytomegalovirus promoter. NTUB1 cells transfected with pEGFP or pEGFP-Ep-CAM were selected in G418 (Calbiochem, San Diego, CA, USA) to generate NTUB1/pEGFP and NTUB1/Ep-CAM cells, respectively.
ShRNA
Two clones (V2HS_134160 and V2HS_134161) of shRNA targeting Ep-CAM (NM_002354) was obtained from GEN-DISCOVERY (Open Biosystem, Drive Huntsville, Australia). Transfection of two clones' shRNA for the targeting of any endogenous Ep-CAM gene was performed using LipofectA-MINE Reagent (Invitrogen, Carlsbad, CA, USA). After 48 h of incubation, cells were transferred to medium containing Puromycin for selection. After 2 weeks selection, specific silencing of the targeted gene was confirmed by Western blot analysis. pSM2c vector and nonsilencing shRNA construct served as the control.
Specimens and immunohistochemistry
Specimens with the diagnosis of lung adenocarcinoma were identified from the pathology archive of Tri-Service General Hospital. The histological differentiation and clinical stage was determined according to World Health Organization criteria. For further analysis, tumor stage was subdivided into two groups: (1) local tumors and (2) invasive tumors (Shieh et al., 2005) . The antibodies included anti-human Ep-CAM antibody (1:500) (Transduction Laboratory, Lexington, KY, USA). Immunodetection was performed with a standard avidinbiotin-peroxidase complex detection kit (Dako Corp, Carpinteria, CA, USA).
DNA extraction, bisulfite modification and MSP Genomic DNA was isolated using the Wizard Genomic DNA Purification Kit (Promega, Madison, WI, USA). The genomic DNA was modified by EZ DNA Methylation Kit (Zymo Research, Orange, CA, USA). The primers used for MSP: EpCAM-M1F-5 0 -TTTAACGTCGTTATGGAGACGA-3 0 and EpCAM-M1R-5 0 -GCTAATACTCGTTAATAAATCACCG-3 0 ; EpCAM-U1F-5 0 -TTTAATGTTGTTATGGAGATGA-3 0 and EpCAM-U1R-5 0 -ACCACTAATACTCATTAATAAATCACC AC-3 0 were purchased from MDBio (Frederick, MD, USA).
5Aza-dC and TSA treatment Cells were treated with mock or 1 mM 5-aza-dC (Sigma, St Louis, MO, USA) for 48 h or with 300 nM TSA (Sigma) for 24 h, as described previously (Cameron et al., 1999) .
Luciferase reporter assay
The Ep-CAM promoter region (À250 to þ 90) was cut from TOPO PCR 2.1 at the KpnI and XhoI sites and then inserted into a luciferase reporter vector PGL3 (Promega, Madison, WI, USA) and digested with KpnI and XhoI to generate Ep-CAM-luc plasmid. PGL3 basic was used as a negative control (see Supplementary methods for details).
In vitro methylation Plasmid DNA, Ep-pro, was methylated by incubating 1 mg of DNA with 2.5 U of SssI methylase or DNMT1 (New England Biolabs, Beverly, MA, USA) and 160 mmol/l S-adenosylmethionine for 2 h at 371C followed by a 20 min incubation at 651C. DNA was precipitated and suspended in 10 ml TE buffer (10 mmol/l Tris-HCl, 1 mmol/l ethylenediaminetetraacetic acid) and cotransfected into cells with a pRL-SV40 as described above. After 48 h, cells were washed with phosphatebuffered saline, harvested and analysed for luciferase and renilla activity using a Luciferase Kit (Promega, Madison, WI, USA).
ChIP assays
ChIP assay was performed according to the manufacturer's instruction (ChIP Assay Kit, Upstate C, Lake Placid, NY, USA) (see Supplementary methods for details).
